The North Wyke Farm Platform for sustainable grassland research in south-west England contains infrastructure measuring soil moisture and field runoff. Its time series of sensor data is used to validate the parsimonious SH 2 O-NW model for soil water at field-scale. Thirty-four years of daily soil moisture and runoff is simulated, and used to detect long-term trends and produce a risk analysis. The model accounts for wetter periods of soil moisture and the main summer soil deficit and autumn re-wetting; limitations involve short-term, rapid changes in drying and re-wetting. The soil moisture sensor observations however do not reflect field variability. Analysis of more than one field allows an assessment of unexpected sensor anomalies. The paper recommends that soil moisture sensor confidence levels be provided, for comparison against modelled data. The simulations show a historic reduction in the occurrence of summer soil moisture deficits above a third of water capacity, while the winter precipitation and runoff simulation shows a stable long-term trend, matching the direction and magnitude of the North Atlantic Oscillation Index. A large runoff of 400 m 3 /day from a 1.75 ha pasture has a 0.07% probability, having a return period of once in 4 years during the 34-year period.
INTRODUCTION
Soil moisture is a major component of agricultural systems.
In limiting amounts, it limits transpiration, plant photosynthesis and soil nutrient cycling. A balance of moisture encourages microbial decomposition of organic matter and encourages movement of macro-invertebrates such as earthworms. This not only increases nutrient availability but also creates soil structure. The year 2010 tied with 2005 was the warmest year on record globally (NOAA ). Rising frequency of heavy downpours is an expected consequence of a warming climate. Some areas will see more droughts as overall rainfall decreases and other areas will experience heavy precipitation more frequently, or see rain come in rarer, more intense bursts (Huber & Gulledge ) .
Field investigations between 2001 and 2011 identified
widespread structural degradation of 38% of intensively managed agricultural soil surveyed in south-west England (Palmer & Smith ) . Findings showed surface water runoff was enhanced, increasing the risk of flooding. The loamy stagnogley soils were one of the most frequently damaged soils. Soil moisture is a medium for studying the overall balance of changes in precipitation with changes in temperature.
Runoff data, on the other hand, can allow us to analyse how frequently to expect overland flow constituting a risk.
Soil water models are often categorized in terms of their degree of complexity based on the treatment of the soil profile, in addition to the number of processes employed (Ranatunga et al. ) . Relatively simple models may have a fixed number of soil layers and a tipping bucket approach to water inflows and outflows, while relatively more complex models seek to incorporate a continuous soil profile. Within the simple (or fixed soil layer) modelling category, models are divided into single layer or multiple layer approaches.
The simplest types of soil water flow models act as tipping buckets. They ignore the vertical moisture gradient within the root zone (Feddes & Raats ) , to discharge water from one layer to another when the water carrying capacity of the soil layer is exceeded. It is generally accepted that the Richards' equation (Richards ) is used to improve upon tipping bucket models incorporating Darcy's law for solute transport and capillary action (Feddes & Raats ) .
Nonetheless, tipping bucket or cascading models are still in use, and have been operating worldwide for years, for example DSSAT (Decision Support System for Agrotechnology Transfer) (Hoogenboom et al. ) , AWBM (The Australian Water Balance Model) (Boughton ) and an example seen in Walker & Zhang () and others listed in Zhang et al. () .
At a field scale with sufficient observation data for calibration and validation, a tipping bucket model with minimal requirements of parameterization can be useful (Walker & Zhang ) . Our hypothesis is that a simple model can do a satisfactory job to track the yearly and seasonal variation and trends in soil water. We also want to test if the climate, and winter runoff, is influenced by the trends of the NAO. It is proposed to use automated instrumentation to provide good quality, continuous observations, to allow a robust model calibration. Without any change in land use or field management, this field-scale study assesses the extent to which a relatively simple water model can be used requiring minimal parameterization. Applying the model to create long-term soil moisture and runoff datasets, the historic trends of soil moisture deficit and runoff are determined and a risk assessment is produced for the probability of runoff occurrence.
The main study of observed and simulated data is carried out on a field, using Longlands South as a case study; however, Wyke Moor is used as a secondary check of the simulation accuracy.
MATERIALS AND METHODS

Site description and data sources
The North Wyke Farm Platform (NWFP) (Orr et Moor is an upland with no surrounding higher ground, and the single source of runoff was from rainfall before these fields were hydrologically isolated. The fact that they have been isolated and runoff can be measured merely means, in respect of this study, that we are able to calibrate the simulated-observed runoff during the years observed. fields of the NWFP vary to some extent with compaction, and in this case the available water capacity for the Hallsworth series soil was lower than the Halstow soil (Table 1) .
Long-term historic climate data 1982-2015
Daily climate data were collated from historic hand-written Soil moisture in the root zone is determined by a water balance:
• The model assumes that rainfall is the only source of water input to the soil.
• The effective rainfall is calculated by subtracting surface runoff from rainfall, surface runoff is calculated according to SCS runoff curves (USDA-SCS ) created using the observed precipitation and observed field runoff.
• Water loss from evapotranspiration (ET) is subtracted from the effective rainfall calculated using a modified
Penman equation multiplied by a crop coefficient, Kc (Allen et al. ) whereby the extraction rate of water depends on a combination of net radiation at the crop surface, mean daily air temperature, humidity and wind speed. The remaining effective rainfall then infiltrates the soil. Kc is dynamic (Table 1) , changing with the day number of the year to account for seasonal stages of grass production.
• A tipping bucket mechanism is employed, i.e., if the effective rainfall is higher than potential ET it replenishes the soil moisture. Soil moisture above field capacity becomes drainage and is lost from the system, and the soil remains at full water holding capacity. • If the effective rainfall is lower than potential ET, there is soil water deficit which may or may not be met by extracting some of the soil water in the root zone. If the crop demand cannot be met (at the empirical threshold soil water that can be depleted from the root zone before moisture stress), the relative reduction in crop ET
(employed in the model through a water stress coefficient) is related to the ratio of the available water and the water holding capacity.
The soil moisture is output in volumetric units. Simulated vertical drainage and surface runoff output in units of mm water per day are added and termed runoff, because the NWFP soil has an impermeable layer at 30 cm and drainage around the edge of the field so all surface runoff plus vertical drainage to 30 cm is measured together.
Daily weather input consists of solar radiation, maximum and minimum temperature, precipitation, windspeed and humidity. Soil parameters required (Table 1) 
Frequency analysis
Since the NWFP was created in 2011, its high quality continuously measured data are excellent for validation of a model, but the time period covered will, for a long time, be too short to use the data directly in a daily frequency analysis. Long-term records, or simulations from applying long-term climate records, are essential for risk assessment.
A risk assessment provides a likelihood of occurrence to the modelled impacts, and puts 34 years of soil moisture and runoff data into context. The two issues are that there is an increasing risk of a soil moisture deficit (most commonly occurring on a short-term basis during summer) and conversely that there is an increasing risk of runoff during winter.
A cumulative frequency analysis is used (Oosterbaan ) to determine the risk of exceedance of the data thresholds:
1. Twenty-two data threshold intervals between 30 and 690 m 3 runoff per day chosen for the amount of volumetric soil moisture deficit below field capacity, and for daily runoff. As the frequency of events is 1 or 0 near the upper limit of runoff, the intervals are wider. To detect for a progressive change in the climate record, the full dataset of 34 years was divided up into three 11-year periods (1982-1992, 1993-2003 and 2004-2015) and com- Seven of the ten highest rainfall years occur after 1998.
A Mann-Kendall test for trend detection was performed on annual and seasonal precipitation totals and temperature averages. Annually, the Mann-Kendall test gave over 99%
confidence of an increase of average minimum temperature from 1982 to 2015, no trend was detected for average maximum temperature or precipitation totals.
Seasonally, the Mann-Kendall test gave over 95% confidence of an increase of autumn minimum temperature and autumn maximum temperature over the 34-year period.
There is a likely 94% confidence of increasing minimum temperature in summer. There were no trends detected in winter or spring temperatures or with precipitation.
In terms of agricultural management, the progressive trends described above could mean a change in degree-days, and subtle modification to management timings and applications. In terms of the biological system, an increasing minimum temperature should affect plant growth, soil microbial activity, nutrient cycling and gaseous soil emissions. North Wyke is located in the south-west of the UK with strong prevailing westerly winds, well placed to receive Atlantic winter storms, and the above figures show the NAO to be a strong influence on its climate.
Sensitivity and calibration of runoff curve
Before the validation for the whole model, the sensitivity of the runoff module was assessed using a separate earlier Simulations from both fields and from both years gave satisfactory results (Table 2) 
Model validation for runoff
To compare simulated against observed runoff for Long- Table 3 for the simulated-observed runoff comparisons for 2012, since runoff data were scarce in the drier year of 2013.
Runoff is more variable and less easy to simulate than moisture. The simulation under-predicts, which may be due to under-prediction of the runoff curve in the model, or the assumption of a tipping bucket mechanism for a field layer, i.e., when a soil layer is at full water carrying capacity, it allows excess water to drain, in these cases laterally to the drainage channels. The model has limitations in that it assumes a homogeneous vertical soil layer, which covers up heterogeneity of the soil. There is also an unknown element to how leak-proof the field system is, especially after a prolonged dry period on clays in which cracks have developed.
Rainfall-observed runoff (Figure 8 ) shows a non-uniform relationship below 6 mm of rainfall which makes the linear nature of the SH 2 O-NW model's processes more applicable to runoff from precipitation over 6 mm.
The runoff output from a DayCent simulation was also compared against observed data (Table 3 ). The high correlation coefficient but also relatively high errors reflect the high association between simulation and observation but In the south-west of England, risk assessment in terms of field runoff can be linked to flooding. A risk assessment for The runoff frequency is based on data which include periods of intense short-term flooding, so the higher range refers to reasonably severe runoff thresholds with long return The model was used in a risk assessment to assess the likelihood of varying degrees of soil water runoff. A very heavy runoff which we would expect to cause localized flooding of 400 m 3 /day from one field has a 0.07% probability, which makes its return period 1 in 1,339 days or just less than 4 years during the 34-year period.
